Synaptic response size in the CA1 region of the hippocampus in aged rats is reduced for a given stimulus intensity, compared with that elicited in young rats. Consistent with the in vitro findings of reduced Schaffer collateral-evoked CA1 EPSPs in old rats, the population currents evoked to iontophoretically applied AMPA are
also smaller relative to the presynaptic fiber potential amplitude. On the other hand, the size of the presynaptic fiber potential and amplitude of unitary intra-cellularly recorded EPSP responses do not change across age in the CA1 region. These electrophysiological findings are consistent with the hypothesis that old rats have fewer functional synaptic contacts per Schaffer collateral axon than do young rats. The possibility that this age change arises as a result of a differential tissue recovery response to in vitro preparation was examined in the present study. CA1 presynaptic fiber potential and EPSP amplitudes evoked by the stimulation of Schaffer collateral afferents were studied in intact, freely behaving young and old rats. We confirmed in vivo the pattern of INTRODUCTION Excitatory transmission is mediated by AMPA and NMDA receptors in the hippocampus and elsewhere in central nervous system (for example Michaelis [1998] for review). The age-related decline in the fast, AMPA-mediated component of synaptic transmission at the CA3-CA1 Schaffer collateral pyramidal cell synapse in vitro has been well documented (Barnes et al. 1992 Bauman et al. 1992; Deupree et al. 1993 ; Foster & Norris, 1997; Jouvenceau et al. 1998 ; Landfield et al. 1986 ; Norris et al. 1998; Ouanounou et al. 1998 Ouanounou et al. , 1999 Papatheodoropoulos & Kostopoulos, 1996 ; however see Shankar et al., 1998) . This attenuation of the AMPA-mediated EPSP is consistent with observations of decreased AMPA binding in the aged rodent hippoeampus (Clark et al., 1992;  Magnussen, 1998;  Magnussen & Cotman, 1993; Nieolle et al., 1996; Wardas et al., 1997) ; other investigators have reported no change (Miyoshi et al., 1991) or increases in AMPA binding in aged, cognitively impaired rats relative to young rats (LeJeune et al., 1996) . Other changes with age reported in AMPA receptor function include altered expression of hippocampal glutamate receptor subunits (Pagliusi et al., 1994 ) and a selective hippocampal-evoked response in old but not young hippocampal-evoked responses to the application of a protein phosphatase inhibitor (Norris et al., 1998) . The latter data suggest a shift in the balance of protein kinase and protein phosphatase activity with aging. Outside the hippocampus, Jasek and Griffith (1998) observed an increased AMPA current density and a decreased receptor affinity with age in whole-cell path clamp from acutely dissociated medial septum and nucleus of the diagonal band neurons.
Age-related impairment in AMPAR-mediated synaptic transmission at the Schaffer collateral-CA1 synapse has previously been examined only in vitro. The hippocampus slice preparation is routinely used to study the cellular mechanism of synaptic transmission (Dingledine, 1984; Kerkut & Wheal, 1981; Schurr et al., 1984 Schurr et al., , 1989 Teyler, 1980; Reid et al., 1988) ; however, during slice preparation on electrophysiological processes in vitro, there may be age-dependent deleterious effects of the brief ischemic, anoxic period (for example Brierly & Graham, 1984; Ordy et al., 1988; Kadar et al., 1998; Kirino, 1982; Pulsinelli et al., 1982; Gao et al., 1999) . In fact, CA1 pyramidal cells are preferentially affected by such insults (Schandler et al., 1988) , resulting in both electrophysiological (Xu & Pulsinelli, 1996) and biochemical (Tanaka et al., 1997) Roberts et al., 1990 Roberts et al., , 1995 Roberts et al., , 1998 Sykov et al., 1998) (Barnes, 1979) . Thus, an in vivo preparation that is free from anesthetics would be optimal for an age comparison. Stable chronic recordings in the CA1 region, however, have been difficult to obtain using fixed electrode implants (Linseman & Corrigall, 1981 .
METHODS

Experimental Subjects
Behavioral testing was conducted on adult (n 17, 9 to 11 months) and old (n 19, 26 On the first day of testing, each rat was placed into the water, 2 to 3 in from the platform, and then guided gently until its forepaws touched the platform. After climbing onto the platform, the rat was allowed to remain there for 60 sec before its first spatial trial. The spatial component of the task consisted of each rat being given 3 blocks of 2 training trials per day for 4 d (24 trials total).
During the inter-block intervals, the rats were placed in a heat-controlled incubator to maintain body temperature. At the start of each trial, the rat was released into the water, facing the tank wall, from one of seven peripherally located points. When the rat had located the escape platform or had swum for 60 sec, it was allowed to sit on the platform for 30 see. Following the last spatial trial on day 4, the hidden platform was removed for a single probe trial, in which the rat was allowed to swim for 60 sec. Following a 2-h rest period in the incubator, each rat was given 6 trials on the visible cue discrimination task. From trial to trial, both the platform location and the release location were randomized. Six more visible trials were given the following day, for a total of 12 trials. Performance on the water task was assessed by the corrected integrated path length (CIPL) measure, the sum of the distances from the target at each acquired point during the trial with a correction factor to compensate for the initial distance from the goal for each starting location (Gallagher et al., 1993 (Paxinos & Watson, 1986) , with the stimulating electrode positioned anterior and lateral to the recording electrode (approximately 30 away from the sagittal plane). At the time of surgery, the electrode pair was advanced approximately lmm to 1.7 mm below the brain surface.
Each rat was allowed 1 wk of postoperative recovery. The electrodes were then slowly advanced over a period of 4 to 6 days into CA1 stratum pyramidale, which was determined by the appearance of multiple unit activity. The Fig. 2A . The means were calculated for each 6-trial block, equivalent to a day of training. The adult rats showed significant improvement in performance on the task over the 4 days. The (Fig. 2B) , the time spent searching in each quadrant was measured for the 60-see trial (Fig. 2B, upper graph) . A significant overall effect of quadrant on the search time was found in young rats [F(3,16) The mean distance to the target location throughout the 60-see trial (average distance), for the old animals was significantly greater than that for the young (lower right graph).
Visible platform. The mean CIPL data show that the old animals were initially poorer than the young rats on this version of the task (Fig. 2C) 
Electrophysiology
Stimulus input/response output data were obtained for the Schaffer collateral-CA1 pyramidal cell responses were collected 2 to 3 wk after surgery (Fig. 3A) and subsequently determined by histology to originate in stratum radiatum (Fig. 3B) . A repeated measures ANOVA showed no significant effect of age on the pre synaptic fiber potential amplitude over the 14 stimulus intensities used ( Fig. 4A; [F(1,13) (Barnes et al., 1992; Kerr et al., 1991) . Also consistent with the data obtained in vitro, old rats showed reduced synaptic transmission at the Schaffer collateral-pyramidal cell synapse (Barnes et al., 1992 Bauman et al., 1992; Deupree et al., 1993; Jouvenceau et al., 1998; Landfield et al., 1986; Papatheodoropoulos & Kostopoulos, 1996) . A repeated measures ANOVA, including all intensities of stimulation used, showed a significant effect of age on CA1 EPSP size relative to the fiber potential amplitude ( Fig. 4B; [F(1,13) 
Correlation between Behavior and Electrophysiology
The relation between behavioral performance and the magnitude of the synaptic responses was assessed using the responses elicited at the 150, 300, and 450 A stimulus levels. We chose these stimulus amplitudes because they spanned a large intensity range and represented equal increments. (Kirov et al., 1999) ; it was possible that age could have affected this process, leading to a spurious conclusion regarding the effects of age on synaptic transmission in the intact brain. In general, replication in vivo of such prominent effect as age on hippocampal neurophysiology provides a foundation for the interpretation of other studies on the effects of the aging process, which are currently technically possible only in the in vitro preparation (for example, Barnes & McNaughton, 1980; Baskys et al., 1987; Billard et al., 1997; Campbell et al., 1996; Jouvenceau et al., 1998; Magnusson, 1998; Norris et al 197; Ouanounou et al. 1999; Potier et al., 1992; Reynolds & Carlen, 1989; Rosenzweig et al., 1997; Shankar et al., 1998 , Shen & Barnes, 1996 .
The confirmation in vivo that old rats show smaller synaptic responses for a given pre synaptic fiber potential size is consistent with the hypothesis that old rats have fewer functional synaptic contacts on a given Schaffer collateral axonal branch. The two studies that have examined this question anatomically have failed to detect a difference between age groups on synapse numbers in the CA1 region (Scheff et al., 1985; Sullivan et al., 1997) . This result suggests the possibility that anatomical synaptic contacts remain, but that some proportion of such synapses are not electrophysiologically functional in the old rats. On the other hand, because the rats in the synapse count studies were not behaviorally tested, the possibility cannot be excluded that the old rats in those experiments were not memory impaired. Therefore, the possibility remains that memoryimpaired old rats do lose anatomical contacts. Regardless of whether there are fewer actual or fewer functional contacts, the significant correlation in the present study between spatial accuracy in the Morris swim task and the amplitude of the synaptic response (a measure of the level of functional contacts) in old rats suggests a critical role of hippocampal synaptic connectivity in spatial cognition.
